all these methods can discriminate mild from severe pulmonary hypertension, they lack sufficient sensitivity to be useful in monitoring the clinical course of patients with COPD in whom pulmonary artery pressures rarely reach very high levels.
However, the development of pulsed and continuous wave Doppler echocardiography has created a new opportunity for assessing right ventricular and pulmonary artery pressures non-invasively with sufficient precision to be useful in routine clinical practice in patients with chronic hypoxic lung diseases.
Technical aspects
Doppler echocardiography is the most direct and most accurate echocardiographic technique for assessing blood flow. The Doppler signal assesses velocity. Combining velocity with the cross-sectional diameter of the vessel through which the blood is flowing obtained by twodimensional echocardiography provides the basis for quantitating blood flow. In pulsed wave Doppler echocardiography with a single transducer one can measure the velocity in a small range cell at a variable depth along the ultrasound beam, but the maximum velocity that can be measured is limited. Continuous wave Doppler echocardiography with two transducers has no range resolution, but at the same time it has no limit on the maximal velocity measurable. Thus, the two techniques incorporated in any modern echocardiographic machine complement each other, and both methods can be used to measure pulmonary artery pressures non-invasively.
To evaluate pulmonary artery pressures, pulsed wave Doppler echocardiography is used to assess ejection flow velocities in the pulmonary artery. The transducer is placed in the second or third intercostal space along the left sternal border7 or subcostally.89 The sample volume of the pulsed wave Doppler is positioned just below the pulmonary valve in the middle of the pulmonary artery on the twodimensional echocardiogram. This has been shown to be a crucial step for accurate measurement because velocity measurements may vary with sampling sites, as well as with beam or transducer angulations. ' With continuous wave Doppler echocardiography the right ventricular systolic pressure is calculated from the trans-tricuspid gradient. The presence and location of tricuspid regurgitation is first diagnosed when a reverse velocity of flow occurs at the tricuspid orifice and can be followed back into the right atrium, most easily by colour Doppler flow imaging. This new development, based on pulsed mode, which superimposes colour-coded flow pattern on two-dimensional images, has made it possible to map normal and abnormal flow patterns. The recordings are considered the optimal only after a systematic examination of each transducer position to locate a signal of highest audible frequency, maximal velocity, and clearly definable spectral envelope. The apical transducer position is normally best for this purpose.
Assessment of pulmonary blood flow velocity by pulsed wave Doppler echocardiography Quantitative evaluation derived by the pulsed Doppler technique consists of measuring acceleration time (AT, ms), defined as the time between the onset of ventricular ejection to peak flow velocity, and right ventricular ejection time (RVET, ms), defined as the interval between onset and termination of flow in the right ventricular outflow tract. In normal subjects there is a discrete velocity envelope in systole with a rounded contour, the maximum velocity occurring in mid systole ( fig IA) . In patients with pulmonary hypertension the flow velocity pattern is changed. There is a rapid acceleration of flow velocity, with earlier appearance of its sharp peak and a typical second slow acceleration of flow velocity during deceleration (fig 1 B) .
Factors other than elevated pulmonary artery pressure may be responsible for these changes; reduced capacitance and increased impedance of the pulmonary vascular bed, a prominent systolic reverse flow,12 or a pressure wave front which reaches the pulmonary trunk prematurely'3 are other possible explanations. In addition, decreased stroke volume,7 increased venous return,14 and even advanced age (Torbicki A, unpublished observation) might also influence the characteristics of the pulmonary flow velocity pattern. Further studies are needed to determine more precisely which mechanism(s) is/are relevant to these changes.
Patients with COPD are more difficult to examine with ultrasound because of hyperinflation, but this method can be used satisfactorily in most of these patients.9 "' With the method described above, it has been shown repeatedly that shortening of AT is the most consistent finding in patients with pulmonary hypertension.`-`In addition, the ratio of AT to RVET (AT/RVET) is also useful in diagnosing pulmonary hypertension. By using the lower limit of the normal range of these variables, defined as the mean minus two standard deviations derived from healthy volunteers (AT= 100 ms) as a cutoff point, it is possible to diagnose pulmonary hypertension (PAP, mean >20 mm Hg) with a sensitivity of 71% and a specificity of 94%.78 In the same studies, AT and AT/RVET were compared with invasively measured mean pulmonary artery pressures. There was a good correlation between these values, with the best correlation coefficient of -0-82 for AT versus PAP mean and -0-85 for AT/RVET versus PAP mean.'2 Comparison with log PAP mean yielded even better correlations of r= -0-88 and -0-9, respectively.7 We8 and Kosturakis et all9 have evaluated pulsed Doppler velocity time intervals and ratios in paediatric patients with congenital heart disease and cystic fibrosis and raised pulmonary artery pressures and in control subjects. In all three studies an AT of <100 ms identified abnormal pulmonary artery pressures and a significant correlation between the acceleration time and both mean and systolic pulmonary artery pressure was noted. The best signals are thought to come with the transducer aimed parallel to the direction of the maximal regurgitant blood flow and, with no angle between the ultrasound beam and regurgitant jet, no correction factor is necessary. Thus, the maximal velocity (V) of the regurgitant jet is measured and is inserted into the Bernoulli equation of TT-P = 4V2 (fig 2) . Once the trans-tricuspid gradient (TT -P) is determined, addition of estimated right atrial pressure (PRA) to the Doppler-derived pressure gradient allows an approximation of right ventricular systolic pressure (PRvsyst) by the equation: PRvsyst = PRA + TT -P. In the absence of pulmonary stenosis, PRvsyst is equivalent to pulmonary artery systolic pressure. Further studies, however, are needed to confirm our results.
Using trans-tricuspid gradient measurements this method provides an accurate non-invasive calculation of pulmonary artery systolic pressure in a variety of patients with and without pulmonary artery hypertension including those with COPD.'311521-29 Furthermore, the same investigators have shown a good correlation between continuous wave Doppler estimates of right ventricular systolic pressure and right ventricular systolic pressure determined with a catheter in the setting of tricuspid regurgitation with reported correlation coefficients between Doppler and catheter measurements ranging from 0 65 to 0 98.2526 Even in patients with mild tricuspid regurgitation, the correlation between non-invasive and invasive measurements of the fall in tricuspid pressure was still good (r= 0 95), indicating that different levels of cardiac output do not invalidate the use of this technique.2' Furthermore, it has been shown that estimation of the right atrial pressure by various means may not be necessary to obtain reliable results.23 Finally, the interobserver variability of the trans-tricuspid gradient measurement has been found to be less than 3%. Thus, in patients with COPD with analysable Doppler tricuspid regurgitant velocities, this method can be used to predict the right ventricular systolic pressure accurately.
Conclusion
Various methods of Doppler echocardiography are useful in the analysis of flow dynamics within the heart and the pulmonary circulation in patients with COPD. In addition, to distinguish patients with increased pulmonary artery pressures from those with normal pressures, Doppler techniques provide quantitative methods for estimating pulmonary artery pressures non-invasively. Doppler echocardiography can be performed repeatedly and can thus be used to assess serial changes in the clinical state of a patient or in the response to certain pharmaceutical interventions in the pulmonary vascular bed. 30 The most useful and accurate method of estimating pulmonary artery pressures in patients with chronic hypoxic lung disease is the systolic trans-tricuspid gradient, calculated from tricuspid regurgitation detected by continuous wave Doppler echocardiography with estimation of the right ventricular pressure, followed by the acceleration time from pulmonary flow analysis using pulsed Doppler techniques.
New contrast materials to enhance the continuous wave Doppler signal and transoesophageal echocardiography may provide even more satisfactory results in the future. 
